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ABSTRACT 
As a preliminary step to test the practical application 
of a deterministic unsaturated-saturated flow model, a ring 
infi1trometer was used to pond water over a fine sandy loam 
soil. A moving neutron probe provided a means to collect 
information rapidly on the position of the wetting front. 
An initial computer simulation of the ponding event, 
assuming a homogeneous and isotropic soil, did not produce a 
close fit between observed and simulated moisture movement. 
In order to separate the A horizon, the computer model was 
used to test different possible saturated conductivities in 
that horizon. A rate tenfold greater than the saturated 
conductivity in the B horizon (namely, 10 x .0000258 m/sec) 
appeared to be the most suitable. 
There is evidence for air encapsulation at the 
experiment site. When the model is altered so that bubbles 
are assumed to occupy 13% of the total porosity, computer 
simulations yield results quite close to the field data. 
The new, modified version of the model was next used to 
simulate the effect of rainfall on unsaturated and saturated 
flow in two dimensions. In highly permeable soils such as 
iv 
exist at the field site, runoff is not likely to occur as a 
consequence of rainfall exceeding infiltrability, but as a 
consequence of water table rise to the surface. The 
inclusion of air encapsulation in the model helps simulated 
water tables to rise to approximately the level observed in 
the field. 
v 
TABLE OF CONTENTS 
ACKNOWLEDGEMENT . iii 
BSTRACT.iv 
LIST OF TABLES. viii 
LIST OF FIGURES.ix 
Chapter 
I. INTRODUCTION..  1 
II. LITERATURE REVIEW .....  . . 5 
Infiltration Theory  .... 5 
The three modes of infiltration  8 
Infiltration Equations  10 
Green and Ampt equation.10 
Philip equation . 11 
Horton equation  14 
Holtan equation ..15 
Unsaturated Flow Equation  16 
Variables Affecting Infiltration and 
Redistribution  20 
Moisture content  22 
Surface condition . 23 
Texture and other soil properties .... 24 
Hysteresis.25 
Air entrapment and encapsulation  27 
III. MATERIALS AND METHODS.30 
Site Description.30 
Climate.3  
Location.30 
S ils.32 
Hydrology.37 
The Computer Model.37 
Ponding Experiment . 43 
Rainfall Simulation Experiment . 49 
IV. RESULTS 57 
Ponding Experiment . 57 
Simulation with a homogeneous profile 
model .57 
vi 
Simulation with a heterogeneous profile 
model .70 
Rainfall Simulation Experiment . 90 
V. DISCUSSION .103 
Instrumentation  103 
Field measurement of soil moisture .... 103 
Runoff measurement . 103 
Soil Parameters and Modeling Soil-Water 
Dynamics.104 
Moisture characteristic curve  104 
Soil moisture content . 105 
Layering.105 
Air encapsulation ..106 
Model refinement. 106 
REFERENCES.108 
APPENDIX .....115 
vi i 
LIST OF TABLES 
Summary of particle size analysis . 
Particle size data for A horizon and 
rest of profile . 
Average bulk densities for different depths . . . 
Analysis of 
produced 
neutron probe 
from different 
count ratios 
lowering speeds . . . . 
LIST OF FIGURES 
1. Time-dependence of the infiltration rate .... 6 
2. Factors affecting the infiltration rate  21 
3. Site topography.31 
4. Average suction curves for various depths .... 40 
5. Rainfall simulation experiment site 
instrumentation and runoff plot location ... 53 
6. Suction-moisture content for 
homogeneous profile model . 59 
7. Conductivity-moisture content curve 
for homogeneous profile model  60 
8. Initial profile moisture content . 61 
9. Simulated and observed moisture profile after ten 
minutes of ponding.63 
10. Simulated and observed moisture profile 
after thirty minutes of ponding . 64 
11. Simulated and observed moisture profile after 
fifty minutes of ponding.66 
12. Simulated and observed moisture profile 
after seventy minutes of ponding.. . 6 
13. Simulated and observed moisture profile after 
ninety minutes of ponding.. . 68 
14. Simulated and observed moisture profile 
after one hundred minutes of ponding.69 
15. Suction-moisture characteristic curve 
for the A horizon.73 
16. A horizon moisture-conductivity curve 
for models A, B, and C.74 
17. Models A, B and C simulated and observed moisture 
profile at ten minutes after ponding . 75 
18. Models A, B and C simulated and observed 
moisture profile at twenty minutes . 76 
19. Models A, B and C simulated and observed 
moisture profile at forty minutes  78 
20. Models A, B and C simulated and observed 
moisture profile at fifty minutes . 79 
21. Models A, B and C simulated and observed 
moisture profile at one hour.80 
22. Models A, B and C simulated and observed 
moisture profile at ninety minutes . 81 
23. Increase in profile moisture content with 
ix 
time as the result of continuous ponding ... 83 
24. Modified model A simulated and observed moisture 
profile after ten minutes of ponding . 84 
25. Modified model A simulated and observed moisture 
profile after thirty minutes of ponding .... 86 
26. Modified model A simulated and observed 
moisture profile at fifty minutes . 87 
27. Modified model A simulated and observed 
moisture profile at seventy minutes  88 
28. Modified model A simulated and observed 
moisture profile at ninety minutes . 89 
29. Water table at various times during the 
rainfall simulation experiment  92 
30. Variations in moisture profiles in column A . . . 93 
31. Variations in moisture profiles in column B . . . 94 
32. The difference between field and laboratory 
equilibrium moisture content . 96 
33. Water table fluctuations with time.98 
34. The importance of the lower boundary condition 
on the water table in columns A and B.99 
35. Simulated and observed changes in the water 
table elevation in column A.100 
36. Simulated and observed changes in the water 
table elevation in column B.101 
x 
CHAPTER I 
INTRODUCTION 
The Global 2000 Report to the President by the Council 
of Environmental Quality and the United States Department of 
State (1980) predicts that: "If present trends continue the 
world in 2000 will be more crowded, more polluted, less 
stable ecologically and more vulnerable to disruption than 
the world we live in now. Serious stresses involving 
population, resources and environment are clearly visible 
ahead." The report forecasts that 40% of the existing 
forests in less developed countries will disappear by the 
year 2000. This will result in soil erosion, increased 
siltation, water shortages in some areas and flooding in 
others. Desertification, which is presently claiming an 
area equal to that of Maine annually, is expected to 
accelerate. Natural resource depletion and degradation is 
continuing at an alarming rate. 
With seemingly little regard for the importance of 
water for human survival, the abuse of the world’s water 
resources is especially tragic. A graphic example of water 
resource mismanagement is found in the San Joaquin Basin in 
California. Here 4.8 million acres of cultivated land 
produce billions of dollars worth of food annually. Yet 
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poor drainage has caused 400,000 acres to be lost to 
salinization. This figure is expected to rise to 700,000 
acres by the year 2000 (Council of Environmental Quality, 
1980). Groundwater overdrafts in the basin have caused land 
subsidence as great as 29 feet in some areas (Comptroller 
General, 1977). Even just a few feet of subsidence is 
enough to make a complete irrigation system inoperable. The 
overdrafts also permanently reduce the water-storing 
capacity of groundwater aquifers. As the valley is one of 
the most productive agricultural areas in the world, the 
failure to halt overdrafts and to improve drainage will have 
severe consequences in the future. 
As surface water resources continue to be readily 
polluted, groundwater has become increasingly important as a 
water supply. Withdrawals of groundwater increased from 12 
trillion gallons in 1950 to 30 trillion gallons in 1975. Of 
the total 1975 withdrawals, 69% was used in irrigation, 14% 
was used by industry, and the remaining 17% was used for 
drinking (Environmental Protection Agency, 1980). Like .the 
San Joaquin Basin, overdrafts are prevalent nationally and 
represented approximately 25% of all withdrawals in 1975 
(United States Water Resources Council, 1978). 
In addition to problems with groundwater quantity, 
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quality has emerged as a major concern for what once was 
thought of as a "pristine" resource. In 1979 a Special 
Massachusetts Legislative Commission on Water Supply found 
that at least one-third of the Commonwealth’s 351 
communities were affected by chemical contamination of 
drinking water supplies. Private and public wells were 
restricted or closed in 22 towns. In January 1980 
California public health officials closed 37 public wells 
supplying water to more than 400,000 people in 13 cities in 
the San Gabriel Valley because of groundwater contamination 
(Council of Environmental Quality, 1980). Only by obtaining 
a thorough understanding of the hydrologic cycle can we hope 
to solve the major water resource problems facing us today 
and in the future. 
The movement of water into the soil and downward to the 
groundwater table is an important part of the hydrologic 
cycle. It is in this soil zone that industrial and 
municipal landfills and on-site sewage systems generate the 
contaminants that eventually enter the groundwater system. 
The volume and chemical and physical characteristics of 
landfill leachate have been found to be directly related to 
the volume of infiltrating water (Rovers and Farquhar, 
1973)* It is the goal of this study to investigate our 
understanding of unsaturated flow and infiltration. 
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Often infiltration has been investigated by observing 
the flow of water in soil columns under controlled 
laboratory conditions. Although laboratory studies have 
proved beneficial to the understanding of soil water 
dynamics, their usefulness extrapolated to field predictions 
remains to be proven. The thrust of this work is a field 
study of soil water dynamics in a fine sandy loam soil on a 
grassy hillslope in one and two dimensions. 
Past work in soil physics has generated a plethora of 
numerical models of unsaturated-saturated flow in porous 
me d i a. It is the objective of this project to test 
unsaturated flow theory as embodied in a deterministic 
saturated-unsaturated mathematical model against field 
observations. The emphasis will be on identifying those 
steps necessary to allow direct practical application of the 
model rather than the modification of theoretical 
assumptions. 
CHAPTER II 
LITERATURE REVIEW 
In filtration Theory 
Infiltration is the flow or movement of water through 
the soil surface and into the soil profile. An early 
pioneer in the study of infiltration, R. E. Horton (1933), 
observed that when rainfall reaches the ground surface, 
water infiltrates the surface soil at a rate that decreases 
exponentially with time. He suggested that at any time in a 
given soil there is a maximum rate of infiltration. For a 
heavy rain, or when the initially dry soil has water ponded 
on its surface, the actual infiltration rate will follow a 
limiting curve from an initially high rate of uptake to a 
lower, approximately steady rate. Figure 1 shows the nature 
of the infiltration process. Horton named the maximum 
infiltration rate curve the "infiltration capacity.” For a 
light rain the actual infiltration rate would be less than 
the infiltration capacity. 
At the beginning o f a rain ev en t the actual 
in filtration rate may be smaller than the in filtration 
capacity. As rainfall proceeds, the intensity may 
eventually equal or exceed the infiltration capacity. 
5 
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In filtration 
Rate 
. 1 . Fig Time dependence of the infiltration rate. 
7 
Thereafter the excess water will tend to pond on the surface 
and give rise to surface runoff or overland flow (Davis and 
DeWiest, 1966). 
This concept of infiltration is empirical, since it is 
based on observations of rainfall at the soil surface. 
Formerly, it was assumed that the soil surface zone 
determines the infiltration capacity, more-or-less apart 
from conditions within the soil profile (Freeze and Cherry, 
1979)* Today it is held that the moisture content of the 
soil and soil profile properties, in addition to surface 
characteristics, will effect infiltration. 
The use of the term ’’capacity” has lead to some 
confusion because it is used elsewhere in an extensive 
rather than an intensive context. To avoid this problem, 
Hillel (1971) coined the term "infiltrability” which is 
defined as the potential infiltration rate characteristic of 
a soil when water is ponded over the surface at atmospheric 
pressure. The Soil Science Society of America (1975) and 
others have chosen to define the term "infiltration rate” as 
the equivalent of infiltration capacity. All three terms 
have units of volume per unit area per unit time. In this 
report the term infiltrability will define the limiting rate 
and the term infiltration rate will refer to the actual 
sur face f1ux . 
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Horton suggested that the decline in infi1trability is 
caused by the filling of soil pores by water. Later it was 
found that the decline was more rapid and the final constant 
rate lower for clay soils than for open-textured, sandy 
soils (Freeze and Cherry, 1979)* These facts suggested that 
time from the start of rainfall, porosity, texture and 
initial water content are important determinants of 
infiltration . 
Infiltration can be divided into two categories on the 
basis of the rainfall rate. When the rate equals or exceeds 
the infiltrability, the characteristic infiltration curve 
shown in Figure 1 develops. Since the profile can be 
thought of as slowing water entry, this situation has been 
described as "profile controlled" infiltration. Under these 
conditions a plot of the cumulative infiltration with time 
will show a line concave to the x-axis with a gradually 
decreasing slope. When water is supplied at a rate less 
than the infiltrability , the cumulative infiltration-time 
curve will always lie below the cumulative infiltration 
curve. In this case infiltration is "flux controlled" 
(Hillel, 1971). 
The Three Modes of Infiltration. In 1963 J. Rubin and R. 
Steinhardt proposed an infiltration theory that incorporates 
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Horton's observed curves of infiltration versus time. The 
authors suggested that three modes of infiltration exist 
during a rainfall event. First, there is "nonponding" 
infiltration when all the precipitation infiltrates. In 
this case the rainfall rate is less than, or at most equal 
to, the saturated conductivity. If the rainfall rate is 
constant, surface moisture content tends to approach a 
definite limit. "Preponding" infiltration, the next stage, 
is characterized by a rainfall rate that could produce 
ponding, i.e., it is greater than the saturated hydraulic 
conductivity if it persists long enough. During preponding 
infiltration, the surface moisture content tends to 
increase. The third mode of infiltration, called 
"rainponding" infiltration, occurs after surface ponding has 
begun. This state is characterized by the development of a 
saturated zone extending from the surface downward. 
Two conditions are necessary for ponding. First, the 
rainfall intensity must be greater than the saturated 
hydraulic conductivity. Second, the rainfall duration must 
be greater than the time required for the soil to become 
saturated at the surface. 
Nonponding and preponding infiltration is flux 
controlled, whereas rainponding infiltration is profile 
The constant infiltration rate in Figure 1 is controlled. 
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numerically equivalent to the saturated hydraulic 
conductivity and normally occurs at ponding. For soils 
which do not swell or form crusts during the rainfall event, 
the saturated conductivity has an important bearing on 
in fi1tr ation. 
Infiltration Equations 
Green and Ampt Equation. In 1911 W. H. Green and G. H. Ampt 
published an infiltration equation that still receives 
serious consideration today. They began by thinking of the 
soil as a bundle of capillary tubes of similar size and 
supposed that an advancing wetting front would present a 
precisely defined surface at which the pressure (negative 
because of suction) is a constant characteristic of the 
soil. The front separates a uniformly saturated soil from 
an unsaturated soil. The hydraulic conductivity of the 
wetted zone is assumed to be constant. The general form of 
their equation which is derived from Darcy's law is: 
dl/dt = i = K(Ho + L - Hf)/L (1) 
where I is the cumulative infiltration, t time, i 
infiltration rate, K hydraulic conductivity of the 
transmission zone, Ho pressure head at the water entry 
surface, Hf effective pressure head at the wetting front and 
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L distance from the surface to the wetting front. Each of 
the parameters used in the equation is a physical property 
of the soil which may be amenable to independent 
measurement. 
The above equation has been found more suitable in 
coarse-grained soils than in fine-grained soils. Hein and 
Larson (1973) have shown that infiltration behavior can be 
predicted by the Green and Ampt equation for steady rainfall 
with an intensity that produces preponding and ponding 
infiltration. Onstad, Olson and Stone (1973) concluded that 
the equation is suited for calculating precipitation excess. 
When the equation is integrated the typical result is: 
I = At + B (2) 
where I is the cumulative infiltration, t represents time 
and A and B are parameters. The parameters can be adjusted 
to fit a given set of data. But McWhorter (1971) suggests 
that if this is done they may loose their physical 
significance. Despite such criticism the continued use of 
the Green and Ampt equation is testimony to its widespread 
applicability and simplicity. 
Philip Equation. An algebraic theoretical infiltration 
equation was derived by J. R. Philip in 1957 by solving the 
unsaturated flow equation as developed by Richards (1931) 
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(to be discussed later). Philip’s solution presupposed 
certain conditions. The soil was described as homogeneous, 
isotropic, nonswelling and of infinite depth. Initially 
the soil had a constant moisture content. The ground 
surface received an excess supply of water that 
instantaneously wetted the surface to a new and constant 
water content (saturation) which did not vary. 
If his solution is defined in terms of the cumulative 
infiltration (I) a power series results. 
I = st3* + (A + Kn) t + Et3/2+ F2 ... (3) 
The coefficient s, called "sorptivity”, represents the 
capacity of the soil to absorb or release water. Sorptivity 
has distinct physical meaning as a property of the soil 
surface. It is the composite effect of hydraulic 
conductivity, moisture content and suction. The 
coefficients Kn, A, E and F are functions of the diffusivity 
and the conductivity of the soil. If the equation is 
differentiated with respect to time (t) the following power 
series is produced. 
i (t) = 1 /( 2s^ )+A Kn + 3/2Et^ +2Ft. . . (4) 
Here i(t) is the infiltration rate. The first two terms on 
the right side of the equation are the most important. 
Rapid convergence implies that all other variables will be 
quite small. When all but the first two terms are truncated 
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equations three and four become: 
I(t) = st*5 + At (5) and i(t) = 1/(2s^ ) + A (6) 
where A is a transmission characteristic and A and t 
combined are due to the gravity force. 
The calculation of A and s can be a long and difficult 
process (Onstad, 1972). The theoretical calculation of A 
does not provide the hydraulic conductivity for long time 
periods, when in fact, the infiltration rate (and A) should 
approximate the hydraulic conductivity according to Horton. 
Whisler and Bouwer (1970) had great difficulty in estimating 
the proper values of A and s. They concluded that other 
infiltration equations were simpler to use and gave better 
results. 
Since Philip's solution was obtained for fairly 
restrictive boundary conditions, applicability to field 
situations, where the soil is nonhomogeneous and where 
surface crust may form as rainfall progresses, is uncertain. 
The equation does not allow for flux-controlled infiltration 
conditions as is the case for nonponding and preponding 
stages of infiltration (Skaggs et al., 1969)- 
If Philip's equation is treated as empirical and the 
parameters are fitted to infiltration data, the equation has 
been found to be useful (Taylor and Ashcroft, 1972). The 
common approach to determining A and s is to find values 
that best fit infiltration rate curves. An easier method is 
to plot I/(t% )versus t ^ to yield s as the intercept and 
A as the slope (Col1is-George, 1977 and Smiles and Knight, 
1976). Talsma (1969) found that sorptivity can be readily 
determined in the field using data obtained from a ring 
infiltrometer at an early stage of infiltration. It is the 
slope of the line when I is plotted against t . A in 
this case is approximated as one-third the saturated 
conductivity for short time periods. The fact that both the 
cumulative infiltration and the infiltration rate are solved 
as functions of time is an advantage of the Philip equation 
over the Green and Ampt equation (Hillel, 1971) - 
Horton Equation. The infiltration equation developed by R. 
Horton (1940) is the best known of the empirical equations. 
i = fc + (fo - fc)e ^ (7) 
Here fc is the final constant infiltration rate, fo initial 
infiltration rate and k a decay constant. The term fc is 
sometimes assumed to be the saturated hydraulic 
conductivity. The terms fo and k must be determined by a 
statistical technique limiting the applicability of the 
model. The parameter k is dependent on soil type and 
initial moisture content. 
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An important feature of the Horton equation is its 
simplicity and good fit to experimental data. The goodness 
of fit is facilitated by the fact that this equation has 
three parameters instead of two. However, in some cases the 
three parameters are more difficult to determine than two. 
The Horton equation does not predict the time of onset of 
preponding infiltration. 
Hoi tan Equation. The United States Department of 
Agriculture’s USDAHL - 7^ model of watershed hydrology uses 
an infiltration equation proposed by H. N. Holtan. The 
equation 
i = aCS1 -4 ) + fc (8) 
was based on extensive field infiltraton studies. The term 
a is an index of surface-connected porosity, S available 
storage in the A horizon of agricultural soils or in the 
surface zone in other soils and fc constant rate of 
infiltration after ponding. 
The equation was constructed with the idea that water 
enters the soil under positive head through larger pores and 
spreads both vertically and horizontally by capillary 
action. It estimates the slow capillary movement as a 
constant fc . The other right-hand term, a(^’^ ) is an 
empirically derived expression of flow rates due to positive 
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heads. It represents the sum of the product of velocities 
and cross section areas of inflow tubes open to the surface. 
Values of a may range from 0.1 for a fallow soil to 1.0 for 
a forest soil. There is a question as to where the surface 
layer which contains the available storage is located. It 
has varied from a depth of three inches to sixteen inches 
without a logical explanation. 
Empirical equations have inherent limitations. The 
parameters used have little or no physical meaning and must 
be fitted to infiltration data. The equations often only 
consider infiltration from ponded surfaces. Most can not 
account for changes in the initial soil water content (Smith 
and Woolhiser, 1971)* However, parameters used in both 
empirical and theoretical equations will vary with every 
site due to soil variations, crusting and initial 
non-uniform soil water content. Skaggs et al. (1969) 
suggests that parameter variation makes it difficult to 
apply any equation under field conditions. 
Unsaturated Flow Equation 
If water is supplied to the soil surface at a rate 
greater than the infi1trability, it will move downward into 
initially unsaturated soil in response to the combined 
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forces of pressure and gravity. Since water in the 
unsaturated zone is under a pressure less than atmospheric, 
the pressure potential is negative. Rather than use 
negative signs, the term "suction" is used as a positive 
expression of the negative pressure. As water continues to 
infiltrate the wetted portion of the profile lengthens. 
This gradually reduces the pressure gradient to a negligible 
value. Gravity becomes predominant as the major driving 
force. As this state has similarities to conditions in the 
saturated zone, it has been suggested that Darcy's law be 
used to describe the percolation of water in the unsaturated 
zone . 
Darcy's law for one dimensional vertical flow may be 
written as 
q = -K (dH/dz) (9) 
where q is the flux, H total hydraulic head, z depth and K 
saturated hydraulic conductivity. This formula can be 
combined with the continuity equation which states that 
changes in profile moisture content with time plus changes 
in water movement into and out of the profile with time is 
equal to zero. 
3W/3t + 3q/3z = 0 (10) 
Here W is the volumetric water content (dimensionless) and t 
is the time. When the flux q in equation ten is replaced by 
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its equivalent from equation nine the following equation is 
produced. 
3 W/3 t = -3 (K(3 H/3 z)/3 z (11) 
The total hydraulic head is composed of a suction and 
gravity head component. 
H = s + z (12) 
Assume that z is zero at the surface and increases downward. 
When the total hydraulic head is separated into its 
components, equation eleven becomes: 
3 W/3 t = -3 (K (s + z)/3z)/3z r -(3/z)(K(3 s/3 z) ) + K/3 z (13) 
This equation for vertical flow in an unsaturated porous 
medium is a form of the Richards equation. 
Two additional terms, diffusivity and specific moisture 
capacity, may be introduced into the Richards equation to 
simplify it. Diffusivity is defined as the hydraulic 
conductivity times the partial of the suction with respect 
to the water content. 
D = K(3 s/3 W) (14) 
Diffusivity may be substituted into the unsaturated flow 
equation by using the chain rule. 
D = K(3 s/3 W) = K(3 s/3 z) (3 z/3 W) (15) 
K(3 s/3 W) = D0 W/3 z) (16) 
8 W/3 t = -(3 /3 z) (D(3 W/3 z) ) + (3 K/3 z) (17) 
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This equation is known as the diffusivity or water content 
form of the unsaturated flow equation. 
The specific moisture capacity is the change in the 
water content per unit suction. 
C =3 W/3 s (18) 
This equation is inserted into Richards equation by use of 
the chain rule. 
C =9W/3s = (8 W/3 s) (9 s/3 t) (19) 
C(3 s/3 t) = - (3/3 z)(K(3s/3 z)) + (3K/3z) (20) 
The resulting equation may be used to determine changes in 
suction with time and is known as the suction or pressure 
head form of Richards equation. 
In the diffusivity form of Richards equation the water 
content is the dependent variable while suction is the 
dependent variable in the pressure head form of Richards 
equation. When the pressure head is the dependent variable 
the equation is applicable for saturated and unsatursted 
flow. In this respect it may be considered the more general 
of the two (Bazaraa, 1979)- 
The Richards equation has been used widely to analyze 
problems of infiltration and unsaturated flow. To solve the 
equation analytically one must know the suction-water 
content and hydraulic conductivity-water content functions. 
The soil must have an initially uniform water content as an 
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initial condition. Boundary conditions include specifying 
the water supplied at the air-soil interface (ponding is the 
simplest) and the condition at some distance in the soil -- 
either the assumption of a semi-infinite soil depth or a 
water table at a specified depth (Bazaraa, 1979). Even when 
boundary conditions are defined to facilitate an analytical 
solution, the procedure is still complex. 
The diffusion form of the Richards equation has been 
used in field tests of infiltration and was found adequate 
(Nielsen et al., 1961). It has, in some cases, been found 
more appropriate then other infiltration equations (Whisler 
and Bouwer, 1 970). Many researchers have sought numerical 
techniques, especially finite difference methods, to obtain 
an approximate solution to the equation. These methods are 
easily handled by a computer and will adequately represent 
the complexities of many problems. Freeze (1969) and Smith 
and Woolhiser (1971) have outlined the different approaches 
to approximating a solution of the Richards equation. 
Variables Af fee ting In filtr ation and Redistribution 
It has already been mentioned that time from the start 
of rainfall, initial profile moisture content and soil 
texture affect infiltrability. Figure 2 lists additional 
21 
INFILTRATION RATt 
Total Potential Gradient 
Pressure Gravitation 
Gradients Gradient 
Pressure at 
Soil Surface 
-hydrostatic head 
-barometric pressure 
pressure at 
Wetting Front 
-moisture content 
-surface tension 
-confined air pressure 
Depth to 
Wetting Front 
-moisture content 
-volume i nfiltrated 
Hydraulic Conductivity 
1 Porous Field 
■Media Properties 
Properties 
-density 
-viscosity 
Moisture 
Content 
Surface 
Conaitions 
-tilling 
-packing 
-inwash of 
particles 
Pore Size, Shape 
Distribution ana 
Continuity 
-particle size 
cistribution 
-porosity 
-nomogeneity 
-colloids 
-swelling 
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Fig. 2. Factors affecting the infiltration rate 
(Fleming, 1970). 
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factors that in fluence in fil tr atio n an d the do wnward 
movemen t of water. The to tal pot en t i al gradient, a major 
determi nant of the in filtr atio n r ate , r epresents the d r i v ing 
force acting upon a fluid (water ) . The hyd raulic 
cond uc t ivity may b e regar d ed as the re sponse of the soil to 
the for ces driving the flu id . Wa ter i s o f te n consider ed to 
have 1 ittle varia tion i n v isc osi ty and density ov er the 
range o f temperatur e and press ur e norm ally encounter ed in 
the fi eld. The gravita tion al gr ad i ent is assumed to be 
con stan t. Porous med ia pro per ties and the effec t o f 
pressur e gradient s r ema in s as the major influen ce on 
in fil tr ation as seen in F igur e 2. The phenomen a of 
hystere sis and air entrapm ent, al though not listed in Fig ur e 
2, may addition ally in flue nee wat er mov emen t • 
Moisture Content. Freeze (1969) held that "of all the 
par ameter •s controll ing in filtr a tion and groundwa ter 
r echarge, , it is li kel y tha t antecedent moist ure regime is 
the most important" . The amo unt of wa ter in l ti ally present 
in the soil profile ha s a t wo-fold effect on wetting front 
advance. First, the dryer the soil the 1 arger the storage 
capacity and hence the qu icker will water m ove into soil 
po r e s . Second , dry so i 1 will have a low hydraulic 
conductivity so the we tt ing front will adv anc e more slowly 
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than in an initially moist soil . 
Sur face Condition. A bare soil has the potential for crust 
formation and a major reduction in infi1trability. Two 
mechanisms have been suggested for crust formation (Epstein 
and Grant, 1973). Aggregates on the surface may break down 
into fine particles which will fill the soil voids between 
aggregates. Additionally, rain drops striking the soil 
surface may cause compaction of the soil. Maximum crust 
development usually takes place within ten minutes of the 
start of rainfall. Morin and Benyamini (1 977) have 
demonstrated quantitatively that reduction of infiltration 
rates by crust formation can predominate over the influence 
of profile moisture content. If the transmission zone has a 
high conductivity the formation of a thick crust will reduce 
the initial infiltration rate as well as the eventual 
constant rate . 
Vegetative cover, although not often considered, plays 
an important part in the hydrologic cycle by intercepting 
rainfall. Interception is defined as the precipitation 
caught by trees and low-lying vegetation. For storms of 
light intensity or short duration precipitation may be 
entirely depleted by interception. The amount of 
interception in any given time interval is controlled by the 
2*4 
watershed vegetation cover and the volume currently in 
interception. R. de Jong and D. R. Cammeron (1979) developed 
an interception model. They calculated interception as a 
function of daily precipitation, storage, and crop 
development, expressed as number of days after planting. 
Like vegetation cover, the soil surface is also 
considered to act as a resevoir. Water will accumulate in 
cracks, crevices and depressions. Surface depression 
storage is available for both evaporation and infiltration. 
Depression storage must be filled before downslope overland 
flow commences. 
Tex tur e and Other Soil Proper tie s. Soil texture, structure, 
heterogeneity, and porosity all affect unsaturated flow. 
Infiltration can be reduced when pore size is reduced by 
swelling of colloids, lodgement of soil particles, and 
slaking of aggregates (Meinzer, 19^9). Computer models 
which simulate infiltration and drainage can be an efficient 
means to examine the influence of texture and heterogeneity. 
Hillel and Van Bavel (1967) have examined the influence of 
soil texture by simulating infiltration into a sand, loam 
and clay soil. Using a two layer computer model, Hanks and 
Bowers (1962) determined that the least permeable soil layer 
governs infiltration once the wetting front reaches that 
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layer. Others (Hillel and Hornberger, 1979 and Hillel and 
Tslpaz, 1977) have examined the effects of horizontal and 
vertical heterogeneity on infiltration. Layers which differ 
in texture and structure from overlying soil may retard 
water movement during infiltration. 
Porosity is negatively correlated to the bulk density 
of a soil. In laboratory column experiments great attention 
is usually given to obtaining a uniform bulk density within 
the column. However, bulk density in field soils may, in 
fact, vary. Any variation may be important because 
seemingly small deviations in bulk density can alter the 
conductivity-water content relationship to make flow 
prediction impossible (Nielsen et al . , 1967 and Srinilta, 
1969) - 
Soil temperature can affect infiltration through its 
effect on the viscosity of water. The higher the soil 
temperature, the finer the pores through which water can 
flow under gravity at a pre-determined rate (Russel, 1973)* 
An increase in soil temperature of 20 degrees Celsius has 
seen found to increase the infiltration rate by 207' (Nielsen 
et al., 1972). 
Hysteresis. Hysteresis is defined &3 the condition that 
wetness or cordvotiv.ty, with respect to the pressure head, 
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is different for drying and wetting processes. The two 
paths, called the "boundary wetting" and "boundary drying" 
curves, are applicable for either continuous wetting or 
continuous drying. Between these curves are an infinite 
number of paths called "scanning curves" (Mein and Larson, 
1973) each of which is dependent on the drying or wetting 
history. Hillel (1971) considered four possible causes of 
hysteresis: 1. geometric non uniformities of pores; 2. 
contact angle variations; 3. entrapped air and 4. swelling. 
There are different opinions on the importance of 
hysteresis in the mechanisms governing unsaturated flow. 
Watson et al. (1975), concluded that, considering soil 
variability, a mean curve between the two boundary curves 
would be satisfactory for most field estimates. Nielsen et 
al. (1972) stated that for a coarse textured soil both the 
wetting and drying curve are approximated by the same value. 
On the other hand, Royer and Vachaud (1975) concluded that 
hysteresis cannot be neglected. A major drawback to using 
an hysteretic computer model is the considerable increase in 
computer time necessary to simulate a rainfall event (Watson 
and Lees, 1975)• 
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Air Entrapment and Encapsulation. A careful review of the 
soil physics literature reveals that two distinctly 
different phenomena are both described by the term "air 
entrapment". This author will define one of these phenomena 
as air entrapment and the other as air encapsulation. A 
discussion of the two phenomena follows. 
In 1966 J. Rubin developed a theory of rainfall 
infiltration with the assumption that soil air remains 
continuous and at a constant atmospheric pressure. This 
was, however, a very simplistic assumption. Suppose a water 
table or an impervious layer is near the ground surface, 
luring a rainfall event in which ponding occurs, air 
pressure cuild-up may take place ahead of the wetting front 
and above the water table. The air pressure increase could 
reduce the hydraulic head gradient. Thus the extent of 
water penetration would decrease (Klute, 1978). Jarret 
(' 975; found that average infiltration rates were reduced as 
much as ^5 * when soil air was not free to escape. Also the 
positive air pressures caused groundwater wells drilled into 
the water table to respond as pressure transducers to the 
increased air pressure. The effect, however, receded after 
two hours to the pre-rainfall state. Xorel-Seytoux (1978) 
observed that the effect can be pronounced when the pore 
space available to air, following a long rainfall period, is 
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small. 
A two-phase unsaturated flow model has been developed 
by some researchers to account for air entrapment (Brustkern 
and Morel-Seytoux , 1970). These models assume that the 
total velocities in the profile are equal to the sum of the 
air and water velocities. The velocities are obtained by 
integrating a form of Darcy's law in which the flow of both 
phases is incorporated. A drawback of this approach is that 
it increases computational complexity. 
Air encapsulation is defined as the situation where, as 
the soil is wetted rapidly, very large local gradients 
develop, so that small openings fill faster than large 
openings. Air remains isolated in bubbles and irregular 
pockets behind the wetting front. As pressure in the 
bubbles exceeds that of the external atmosphere the gas will 
not be stable. It may dissolve, diffuse, or be convected to 
the atmosphere. In this way complete saturation will be 
attained eventually, but the process is generally very slow 
(Klute, 1973). 
Klute (1973) suggested that air may constitute at times 
up to 255 of the pore space below the water table. 
Erakensiek and Onstad (1970) developed an equation to 
determine the water fillable porosity 
f = C(1 - d/2.65) -w (21 ) 
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Here f is the fillable porosity, d bulk density, w 
antecedent soil moisture on s volume basis and C a fill able 
porosity coefficient. C was found to vary between 1.0 and 
0.85 with an average of 0.926. Onstad et al . (1973) used an 
average value of of total pore volume occupied by air, 
while Van Havel et al. (1968) obtained a value of 10?. 
Thus, it appears that between ter ant twenty-five percent of 
the total porosity may be occupied by air immediately after 
infiltration or groundwater rise. 
Air encapsulation may affect infiltration and runoff 
quantities (Brakensiek and Onstad, '9~7)• It may also play 
a role ir. the conductivity-water content function as well as 
me suction-water content characteristic curve. 
CHAPTER III 
MATERIALS AND METHODS 
Si te Description 
Climate. The climate of western Massachusetts is typical of 
New England. It is characterized by a wide daily and annual 
variation in temperature and precipitation. The "normal" 
month, season or year is the exception rather than the rule. 
There are approximately two weekly alterations between fair 
and stormy conditions. Measureable precipitation falls on 
an average of one day in three. 
The average annual temperature in Amherst is 7-78 
degrees Celsius. The mean annual precipitation is 1.176 
meters. rive year running average precipitation from *838 
to 1962 varied from 0.9144 meters to 1.2954 meters 
(Hydrology Studies in Massachusetts, 196 ^). Winds and 
storms are predominantly from the west, but often storms 
will move up the north-south trending Connecticut River 
Valley from the south (Higgins, 1964). 
Location. The experiment site is near the University of 
Massachusetts, Amherst campus. It is in the Mill River 
basin which drains into the Connecticut River. Figure 3 
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Fig. 3- Site topography. Elevation varies from 
174.57 feet to 193-87 feet. 
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shows the site topography. The field is approximately 
188.976 meters by 73.152 meters. Total acreage is 
approximately 1.4 hectares. Slope is to the west at 6 - 
10%. In the past horses were kept in the field. The 
vegetation is grass that is cut regularly. The Mill River 
is located 48.6 meters to the west. The land is flat 
between the river and the study area. Elevations on the 
site vary from 51.51 meters on the western boundary to 
60.046 meters on the eastern border . East of the site the 
land continues to slope upward to an elevation of 125.88 
meter s. 
So i 1 s. Surficial deposits of glacial origin are found near 
the surface at the experimental site. Lake Hitchcock, an 
ancient glacial lake, was present in the Amherst area during 
and following the retreat of the last ice sheet (Motts, 
1975). The field is covered by a blanket of fine sand 
deposited when streams entered the lake. The sand layer is 
approximately two meters thick and underlain by basal till, 
except along the western boundary where lacrustrine clay 
underlies the sand. It is theorized that the shoreline of 
Lake Hitchcock was somewhere between the experiment site and 
the higher ground to the east. 
Soils on the site are in the Ninigret series. They are 
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classified as an Aquic Dystrochrept. The A horizon is a 
dark brown, fine sandy loam with a weak, medium granular 
structure. It is 22 centimeters thick. There is a distinct 
boundary between the A and the B horizons. The B horizon is 
a light olive brown, very fine sandy loam. Mottles are 
present. Roots extend to the bottom of the B horizon at 
0.863 meters from the ground surface. Below this depth the 
C horizon is an olive gray, very fine sandy loam. The 
average pH of the soil is 5.85. The cation exchange 
capacity is less than 10 meq/100 grams as would be expected 
for a sandy soil . 
Extensive soil sampling was done in the field. 
Sampling points were determined by constructing a 22.86 
meters (75 feet) grid. This provided 24 sampling points 
evenly distributed over the site. A Yeihmeyer tube was used 
to take soil samples beginning at 15 centimeters and 
continuing at 30 centimeter intervals until the till or the 
water table was reached. Since the till depth was not 
uniform, the number of samples at each location varied. 
Textural analysis using the hydrometer method was performed 
on the samples. Table 1 shows the result. 
The clay content at the 15 centimeter depth is four 
times the clay content at other depths. Sand content is 
higher and silt content is lower at all depths in comparison 
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to the 15 centimeter depth. The results suggest that the 
soil could be described as having a distinct A horizon and 
Table 1 
Summary of Particle Size Analysis 
De pth Sand* Silt Cl ay 
cm % % % 
15 40.9 51.1 8.0 
45 51.2 46. 3 2.5 
75 65-8 32. 1 2. 1 
105 71.1 26. 9 2.0 
135 77.5 20.6 1.9 
1 65 79-9 17.8 2.2 
*Sand is 
less than 
2.0 to 0.5 mm, silt 
0.002 mm in si ze . 
is .05 to .002 mm and clay i 
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relatively homogeneous B and C horizons. If the A horizon 
is differentiated from the rest of the textural data, its 
distinct textural properties can be seen. Table 2 shows 
soil particle sizes in the A horizon in comparison to 
particle sizes in the rest of the profile. 
Table 2 
Particle Size Data For A 
Horizon and Rest of Profile 
Particle Size 
mm 
A 
Hor i zon 
% 
B and C 
Hor i zon s 
% 
2.0-1.0 0.089 0. 14 
1.0-0.5 0. 3*1 0.48 
0.5-0.25 2. 04 3. 12 
0.25-0. 1 11.05 29- 04 
0.1-0.05 26.88 36.17 
0. 05-0.02 37-70 23. 63 
0.02-0.005 12.50 4.89 
0. 005-0.002 1.16 0.89 
less than 0.002 8.18 2. 15 
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Bulk densities were measured by the core method at 
different depths (Table 3). The values increase with depth 
in a manner corresponding to the increase in sand content 
Table 3 
Average Buik Densities 
For Pi f fer en t De pths 
De pth 
cm 
Bulk Density 
gm/cc 
15.0 1.11 
45.0 1.25 
75.0 1.44 
105.0 1.50 
135.0 1.50 
165.0 1.51 
with depth as seen in Table 1. Statistical analysis of the 
bulk density and the texture data suggest that lateral 
heterogeneity is not significant (Fayer, 1981). It is 
possible, however, that vertical heterogeneity may be 
impor tan t. 
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Hydrology. The average saturated conductivity of the soil 
is of the order of 2.6x10-5 meters per second which was 
obtained from both field and laboratory analysis. The water 
table is usually within three meters of the surface 
throughout the year. The volume of yearly rainfall and the 
location of the site near a discharge area has helped create 
this situation. It is not unusual for the water table to 
rise to the ground surface in the spring. In 1 980, after 
months of below normal rainfall, the water table was still 
within 3*96 meters of the ground surface in the highest 
portion of the field. The water table gradient decreases 
downslope toward a discharge source, the near-by river. 
The Computer Hod el 
The mechanistic computer model used in this study has 
been described by others (Hillel , 1977 and Hillel and 
Hornberger, 1979). The major difference between this model 
and those previously described is that this model is written 
in ASCL rather than CSMP computer language. 
ACSL - Advanced Continuous Simulation Language was 
developed to model systems described by time dependent 
non-linear differential equations. Programs are prepared in 
conventional Fortran. Unlike in Fortran, the statements 
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describing the model in ACSL need not be ordered. The ACSL 
process will not evaluate an equation before parameters to 
be used are calculated. 
Six integration algorithms are available with ACSL. 
Three of the algorithms: a variable step Adams-Moultan 
predictor-corrector, a fixed step Runga-Kutta and a variable 
step Gear's Stiff algorithm appear to be the most suitable. 
When the algorithms were tested, the Adams-Moultan 
predictor-corrector method produced accurate results but the 
cost of a single run was $22.50. The fixed step Runga-Kutta 
generated instability in the calculation of the profile 
water content. The Gear's Stiff algorithm had a relative 
error of 0.78% but cost only $3.05. Gear's Stiff algorithm 
was chosen as the most suitable algorithm based on the 
criteria of shortness of computer time (cost) and acceptable 
accur acy. 
Gear's Stiff algorithm is designed to solve stiff 
ordinary differential equation problems. Physical systems 
which exhibit periods of rapid change are potentially stiff. 
Rainfall during a thunder shower, with almost instantaneous 
changes in intensity is a potential stiff problem. As the 
soil at the field site is highly permeable, rapid changes in 
profile moisture content would not be unusual. Thus it is 
possible that potentially stiff conditions could occur. 
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This would explain why the use of a popular algorithm like 
Runga-Kutta produces instability. Additional discussion on 
stiff ordinary differential equations is found in "A User's 
View of Solving Stiff Ordinary Differential Equations" by L. 
F. Shampine and C. W. Gear. 
The solution of Richards unsaturated flow equation in 
the model requires that the suction-water content and the 
conductivity-water content relationships be known. Tempe 
cell apparatus and a pressure source was used to determine 
the desorption characteristics of the soil. Since vertical 
variations in soil characteristics may exist, moisture 
characteristic curves were constructed with samples from 
different depths. Figure 4 presents the average curves for 
selected depths. Aside from the 15 centimeter depth, the 
rest of the curves follow approximately the same path. 
Various models have been used to predict the hydraulic 
conductivity of unsaturated soils. One approach makes use 
of the measured capillary head-water content curve to derive 
the hydraulic conductivities at various water contents 
(Childs and Collis-George, 1950, Marshall, 1958 and Milligan 
and Quirk, 1961). This approach, as modified by Jackson 
(1972), will be used to develop the conductivity-water 
content curve. The Fortran program constructed to generate 
the conductivity values is found in the Appendix. The 
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program requires as input the moisture retention curve, 
including the saturated water content and a saturated 
conductivity value. 
Both the one and two-dimensional computer models have 
been developed based on a number of assumptions. Rainfall 
in the model is assumed to have no areal variation in 
intensity or extent. Rain drop impact does not affect 
surface conditions. The surface produces no crust, swelling 
or inwash of particles. Interception by the grass is 
assumed to be negligible. The ground surface as represented 
in the model is assumed to be a plane with no cracks, 
crevices, or depressions. Evaporation is considered to be 
negligible. The temperature of the soil profile is assumed 
to be constant. Infiltrating water is assumed to have a 
constant density and viscosity. Hysteresis, air 
encapsulation or air entrapment are not incorporated into 
the model. Air flow is not considered. Darcy’s law, as the 
fundamental governing equation for water movement, is 
assumed to be valid provided that the suction and 
unsaturated conductivity are unique, time invariant 
functions of water content. Finally, the assumption is made 
that steady state laboratory soil test data is applicable 
for dynamic or unsteady flow situations. 
In both the one and two-dimensional models the soil 
M2 
profile is represented by a series of compartments. In 
theory water should enter the top compartment either at the 
rainfall rate or the infi1trability rate - whichever is the 
lesser. In this model the infiltrability is calculated by 
Darcy’s law. 
v =ki 
Here v is the infiltrability in meters per second, k is the 
hydraulic conductivity and i is the hydraulic gradient in 
the first compartment. The conductivity is specified by the 
average of the water content defined conductivity and the 
saturated conductivity. The hydraulic gradient is 
calculated by dividing the total head of the first 
compartment by the distance to the midpoint of that 
compar tment. 
Unsaturated flow is calculated in the same manner in 
the rest of the profile. Conductivities are determined from 
the conductivity in the compartment in question and the next 
upper compartment. The gradient is also determined by 
comparing the hydraulic head in the two compartments. In 
the unsaturated zone it is assumed that horizontal fluxes 
are negligibly small. 
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Ponding Experiment 
Measuring water movement in the unsaturated zone in 
highly permeable soils requires extremely short measurement 
intervals because of the rapid movement of water into and 
through the soil. One technique to obtain such measurements 
is by using pressure transducer-tensiometers. 
Unfortunately, none are available commercially at low cost 
and field installations usually have problems with 
significant electronic drift (Schmugge, Jackson and McKim, 
1980). In this study an alternative, neutron-scattering 
technique is presented to rapidly measure soil-water 
movement. This technique is used in both the ponding and 
irrigation (rainfall simulation) experiments. 
No method to measure soil moisture content in the field 
is without disadvantages. The gravimetric sampling method 
is not suitable for repeated measurement of moisture content 
at one location. The detectors in the gamma attenuation 
technique are temperature sensitive. The neutron scatter 
technique is not accurate within 15 centimeters of the 
ground surface. However, it is portable, commercially 
available, allows for repeated measurements at one location 
and is relatively easy to use. For these reasons the 
neutron moisture probe was used to develop a procedure of 
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rapid analysis of profile moisture content. 
The neutron scattering method is based on the 
assumption that most of the hydrogen in the soil is water. 
Hydrogen atoms, because of their low atomic weight, have the 
ability to slow down fast neutrons to a far greater extent 
than any other element usually found in significant amounts 
in the soil. When a neutron emitter is placed in a moist 
soil, the fast neutrons collide with the hydrogen atoms and 
impact some of their energy on the hydrogen. The density of 
slow neutrons around the emmitter will increase. If a 
detector tube is placed near the emitter, some of the "slow" 
neutrons will return to the detector tube. Neutron capture 
results in the transient break-down of some gas molecules in 
the tube and the production of a short period pulse, of 
current. The pulse, representing a count of the returning 
neutrons, is proportional to the amount of hydrogen present 
and hence the soil moisture content. A previously 
determined calibration curve converts the counts into 
volumetric water contents. 
The Troxler model 104A probe was used in the 
experiment. The source of fast neutrons for this probe is 
Americium-Beryllium which is rated at 100 millicuries. 
Radial symmetry in both the emitted neutron field and the 
reflected neutron field is provided by having the 
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longitudinal axis of the radioactive source and the detector 
be the same. The detector is located above the radioactive 
source and has 7.0 inches (17-78 centimeters) in the 
longitudinal direction of sensitive volume. The probe 
weighs 1.5 pounds (680.39 grams). The cable used to lower 
the probe is sheathed in black synthetic rubber and weighs 
1.7 ounces (48.19 grams) per linear foot. The probe has an 
outer diameter of 1.865 inches (4.737 centimeters). 
Class 150 aluminium irrigation tubing of 2.0 inch (5.08 
centimeters) outer diameter and 1.9 inch (4.826 centimeters) 
inner diameter with 0.05 inch (.127 centimeters) wall 
thickness is suitable as access tubing. This seamless 
tubing is approved for irrigation and sprinkler service. It 
weighs 0.36 pounds ( 1 63*29 grams) per foot. 
When installing the tubing it is imperative that it 
remain straight enough for free entry and exit of the probe. 
A dummy probe is used to test the access tube before the 
actual probe is lowered. The tubing is installed with three 
or four inches exposed above ground. It is plugged at both 
ends to keep water from entering the access tube. A tight 
fit with the surrounding soil is obtained by driving the 
tubing in and using a mud or fine sand grout to fill in the 
cavity between the tube and soil. 
It is customary to calibrate neutron moisture measuring 
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devices in count-ratios rather than absolute count rates. 
This procedure tends to eliminate errors arising from 
electronic drift. A typical soil moisture measurement would 
involve taking three minute standard count before and after 
lowering the probe and one minute counts at half-foot (15.0 
centimeter) intervals from, as an illustration, one to five 
feet (30 to 150 centimeters). 
Counts are taken at the same depth going down and up. 
An average of the two counts divided by the average standard 
count will give the count ratio. The ratio is fitted to a 
calibration curve to obtain the moisture content. 
One method to get rapid neutron probe readings is to 
hook the probe to a chart recorder and lower it into the 
access tube, using its weight to pull it downward. 
Continuous count values may then be obtained. If the count 
values thus produced provide moisture content values that do 
not differ significantly from those obtained by the standard 
technique, then this procedure would be acceptable. 
Table 4 shows the result of analysis of different 
lowering speeds. The probe was lowered and raised at the 
same speed to yield two count values for every depth. The 
ratio of these counts to two standard counts produces a 
count ratio similar to that obtained by the usual technique. 
As expected, the table shows that the correlation 
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coefficient improves as the speed decreases. For all four 
speeds the error in the moisture content was approximately 
2% by volume. 
At the slowest speed it would take five minutes to 
lower the probe to 1.5 meters and return it to the surface. 
For nonequilibrium conditions, i.e., infiltration, the 
moisture profile could vary while measurements were being 
taken, expecially, if the slowest speed was being used. The 
Table 4 
An al ysi s o f Neutron Probe Coun t 
Ratios Produced From Pi ffer ent 
Lowering Speeds 
Dropping 
speed 
cm/sec 
Correlation 
coefficient 
Standard 
deviation 
moisture 
content 
% by vol. 
0.670 0. 969 2.69 
1 . 524 0. 95 4 2.01 
2. 320 0.896 2.29 
3-048 0.763 1.99 
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second slowest speed (2.320 centimeters per second) cuts the 
data collection time in half. This rate still has a 
relatively high correlation coefficient. It was chosen as 
the most appropriate speed for the experiment. 
The ponding experiment investigates one-dimensional 
flow in the unsaturated zone. As part of the 
instrumentation, an access tube was installed on a level, 
grass covered site. The access tube was grouted at the 
surface with bentonite to prevent downward water movement 
around the tube. A ring infiltrometer (Johnson, 1963) was 
used to contain ponded water. An outer ring of 100 
centimeters diameter was used to minimize lateral flow 
effects. Ahuja et al . ( 1 976) suggested that a buffer ring 
of 90 centimeters diameter was sufficient to eliminate 
lateral flow effects. An inner ring with a 25 centimeter 
diameter was placed around the access tube to insure 
continuously downward infiltration of water in the zone of 
moisture measurement. Pencil tensiometers were installed 
horizontally from a pit outside the outer ring. They were 
placed at 5 centimeter intervals to a depth of 30 
centimeters. The pit was filled in before the experiment 
commenced. The tensiometers were used to trace the wetting 
front advance in the first thirty centimeters of soil. As 
soon as the 30 centimeter tensiometer responded, the neutron 
^9 
probe was used. Measurements were taken at 10 minute 
intervals until the wetting front reached 150 centimeters. 
This occurred at 90 minutes after the start of ponding. The 
computer model was set up to simulate a similar situation 
and its ability to accurately reflect observed conditions 
was investigated. 
Rain fal1 Simulation Ex perimen t 
The rainfall simulation experiment investigates 
moisture movement in the unsaturated zone above a water 
table and on a hillslope. The inclusion of a water table in 
the soil profile increases the difficulty of investigating 
and modeling soil-water dynamics. An irrigation system was 
used to simulate rainfall over a runoff plot. 
The location of the field site on a soil of high 
permeability creates a special situation. It has been 
suggested (Rubin, 1966) that in humid regions the final 
infiltrability may be high because the vegetation protects 
the soil from rain drop impact and the supply of organic 
matter with attendant micro-fauna often creates an open soil 
structure. The result is that seldom does the rainfall 
intensity exceed the infiltrability to produce classical 
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Horton runoff. In other words, stage one infiltration is 
never followed by stage two or three infiltration. The 
situation has partially been described by Rubin (1966) for 
conditions where the soil surface is not altered by rainfall 
of low intensity. As the rainfall increases, the moisture 
content of the soil increases. The hydraulic conductivity 
will change until it eventually equals the rainfall 
intensity. The water content of the soil surface will not 
change any further after this point. 
Field studies in areas of high infiltration rate but 
also high water table have demonstrated that surface runoff 
can, in fact, occur. Dunne and Black (1970 a, b) studied 
such a situation in northern Vermont. They recorded 
rainfall maximum intensities of 2.2x10-5 meters per second 
for a five minute period and 8.3x10-6 meters per second for 
a thirty minute interval. As the infiltrability was greater 
than 2.22x10-5 meters per second at all times, conditions 
suitable for Hortonian runoff were not present. However, on 
the lower hillslopes the water table actually rose to the 
ground surface during a rain event. Runoff was generated by 
the exfiltrated water and the contribution of precipitation 
to these saturated areas. Once the soil was saturated, 
runoff was sensitive to fluctuations in rainfall intensity 
and duration. When rainfall ceased, the water table fell 
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quickly below the soil surface and runoff rates were 
drastically reduced. The amount of rainfall necessary to 
bring the water table to the surface depended on topographic 
position, soil profile characteristics, initial depth to the 
water-table, antecedent moisture conditions, surface 
characteristics and intensity and duration of rainfall. 
Commonly, runoff was usually generated on the lower portion 
of a slope near a stream. 
Freeze (1972) used a deterministic mathematical 
saturated-unsaturated flow model to provide theoretical 
support for the runoff generating mechanism described by 
Dunne and Black. He assumed that the subsoil flow region 
was dominated by a shallow permeable soil layer at the 
surface of the ground. The soil was homogeneous and 
isotropic. A characteristic curve relating moisture 
content, matric suction and hydraulic conductivity was 
contained within the model. The shape of the slope, whether 
straight, concave, or convex, was found to exert a 
controlling influence on the runoff generating mechanism. 
Runoff was generated on convex slopes of low permeability 
and all concave slopes. It was also observed that the rise 
in the water table elevation was mainly the result of 
vertical rather than lateral flow. 
Freeze provided a rational for non-Horton overland flow 
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by examining rainfall intensity duration records and 
measured values of saturated hydraulic conductivities. In 
Boston, Massachusetts, rainfall rates range fron 7.06x10-8 
to 7*06x10-5 meters per second. For a Delmonte sand with a 
saturated conductivity of 4.4x10-6 meters per second, Freeze 
showed that only rainfall events with a ten year probability 
would cause overland flow from classic ponding infiltration. 
As the site of this investigation is Amherst, Massachusetts, 
this information is directly applicable. 
Figure 5 shows the site instrumentation. Although no 
stream is present, the ground slope decreases at the lower 
portion of the site and so does the groundwater gradient. 
It is, therefore, possible to infer from the results of this 
experiment what may occur near a stream during a rainfall 
ev en t. 
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EXPERIMENT SUE -- TOPOGRAPHY (FEET) 
Key 
wells +- 
Fig. 5- Experiment site instr umentation 
and 
runoff plot. 
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Irrigation sprinkler equipment was placed at each 
corner of the ten meter square which encloses the runoff 
plot. Each sprinkler covers a circle with a 15.24 meter 
radius. A grid of rainfall collectors measured the 
distribution and rate of applied water. The intent was to 
have a uniform distribution and intensity of simulated 
rainfall. As the intensity of water application drops with 
distance, a five meter application overlap helps provide a 
uniform distribution of water. The average rainfall 
intensity delivered by the system was 4.44x10-6 m/sec. This 
is well within the range of rainfall intensities suggested 
by Freeze. 
Observation wells were constructed of 4.33 centimeter 
outer diameter pvc irrigation pipe perforated at 30 
centimeter intervals with the bottom screened. As seen in 
Figure 5 wells were placed within the test region of ten 
square meters and outside this area. 
Three neutron probe access tubes were placed in the 
critical square. One was located at the base of the runoff 
plot, another half way up the slope and the third at the top 
of the runoff plot. The wells and the access tubes provide 
a means to gather data on unsaturated and saturated flow 
before, during, and after the irrigation experiment. 
The runoff plot is located in an area of straight 
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topographic contours. It is one meter by ten meters in 
size. Boards were used to delineate the plot. At the top of 
the plot the ground is mounded slightly so that overland 
flow from above the plot cannot enter. A 10.16 centimeter 
diameter pvc pipe collects runoff at the bottom of the plot 
and drains it into a barrel. The long axis of the plot is 
orthogonal to the topographic contours. This allows the 
two-dimensional computer model to represent a cross section 
of the plot with the assumption that the direction of 
maximum groundwater gradient is also orthogonal to the 
topographic contours. 
The irrigation system was in operation for ten and 
one-half hours, at which time runoff started to collect in 
the barrel. Water table levels were recorded hourly. 
Neutron probe readings were taken at the following times: 
1.0, 2.33, 3.5, and 5.0 hours. This required halting water 
application for fifteen minutes on each occasion. 
Irrigation was also halted at 6.0, 7*25, and 9*5 hours in 
conjunction with other experiments taking place at the site. 
Initially the water table was at approximately 185 
centimeters from the ground surface. By five hours it had 
risen to within 75 centimeters of the surface. It was only 
15 centimeters from the surface at seven hours. Surface 
runoff or seepage occurred when the water table was within 6 
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centimeters of the surface. As the runoff pipe was set in 
the soil, the water table did not have to be at the surface 
to create runoff. 
CHAPTER IV 
RESULTS 
Ponding Experiment 
In any field study the investig ator is f ac ed with the 
pr obi em of soil variability. One approach to thi s problem 
begin s by collecti ng an abundance of pr ecise ph ysic al data . 
Then it may be pos sible to determine how to aver age or scale 
soil parameters to get an accurate pr edict ion of profile 
moist ur e content. A less fundamental appro ach i s to ignore 
field variability, taking very few samples > but in ste ad , 
o pt im izing soil parameters by te sting with a computer 
simul ation model . This is a ste p-wise operation which 
pr oce eds from a very simple desc ription of the soil to a 
mor e complex, field analogous descri ption . It is the second 
appro ach that is u sed in this study. 
Simul ation with a homogeneous pro file mod el . The 
on e-d imen sion al computer model wa s in iti ally set to 
represent a homogeneous soil. The profile was divided into 
sixteen compartments to a depth of 1.5 meters. Mein and 
Larson (1971) and others have shown that for best results 
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depth increments should be small near the surface and larger 
at points deeper in the soil. In accordance with this 
pattern, from top to bottom the thicknesses (in centimeters) 
are: .5, .5, 1, 2, 3, 3, 12.5, 15, 15, 15, 15, 15, 15, 15, 
15, and 15. Below the fifteen centimeter depth the midpoint 
of each compartment is at a depth which is a multiple of 15. 
This allows direct comparison with the observed moisture 
content data. In the one-dimensional model the surface is 
assumed to be horizontal. 
Ponded water is set at a constant depth of one 
millimeter for the simulations. The flux through the bottom 
boundary (compartment) is determined by the hydraulic 
conductivity of that compartment as defined by the moisture 
content. Each compartment has a saturated conductivity of 
2.58x10-5 meters per second and uses the same 
moisture-characteristic curve. Figure 6 shows the 
suction-moisture content curve used in the model. It is an 
average of the different suction-moisture content curves. 
The saturated water content is .46 by volume. Figure 7 is 
the conductivity-water content function generated from the 
suction-moisture content function and the saturated 
conductivity value. 
content of the soil The initial volumetric water 
profile at the start of ponding is shown in Figure 8. 
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WATER CONTENT 
Fig. 8. Initial moisture profile at the 
experiment site. 
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Climatic conditions are such that the water content is 
rarely less than 10% by volume. The moisture content 
between the 75 and 90 centimeter depth is 5% by volume less 
than the moisture content nearer the surface. Above sixty 
centimeters, root channels, ant tunnels and the presence of 
organic matter, living organisms and plant material 
contribute to a soil moisture profile that differs from what 
might be expected for a truely uniform soil. 
The validity of the homogeneous model is assessed by 
comparing field data with simulated moisture contents at 
different time periods. Figure 9 shows the moisture profile 
after ten minutes. In the model the wetting front is down 
to 30 centimeters while the observed profile has wetted down 
to 60 centimeters. Initially the infiltration rate had been 
0.0056 meters per second but after ten minutes it dropped to 
the saturated conductivity value as the top compartment 
became saturated. In the first ten minutes the suction 
dropped from 1.0285 meters to 0 so that the gravity gradient 
became the major component of the total hydraulic head 
gradient. This is in accord with theory and is an 
indication that the model is performing as expected. 
At thirty minutes the observed infiltrated water had 
reached the 90 centimeter depth and was advancing beyond 
that toward the 105 centimeter depth (Figure 10). The 
6 3 
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Fig. 9. Profile moisture content at ten minutes 
after ponding. 
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WATER CONTENT 
Fig. 10. Simulated and observed moisture profile 
after thirty minutes of ponding. 
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simulated profile shows the moisture content to be near 
saturation down to 45 centimeters and the wetting front 
reaching the 75 centimeter depth, thus lagging 15 
centimeters behind the observed wetting front. 
At fifty minutes the observed wetting had definitely 
reached the 1.05 meter depth but a sharp, distinct wetting 
front was not discernible (Figure 11). This is not the case 
for the computer simulation, where the wetting front at the 
corresponding time had just begun to cross the 90 centimeter 
depth. 
Twenty minutes later, (at seventy minutes after 
ponding) the field data showed the wetting front at 120 
centimeters while the simulated front had just passed 90 
centimeters. A nearly saturated zone extends down to 75 
centimeters in the simulation (Figure 12). 
At ninety minutes observed infiltrated water had 
reached 150 centimeters, the bottom of the simulated profile 
(Figure 13)* The observed water content was not uniform 
with depth. It decreases from 39*0% at 30 centimeters to 
34.5% at 150 centimeters. In the simulation water had only 
moved to a depth of 105 centimeters but behind the wetting 
front the moisture content was nearly 46%. The fit does not 
improve ten minutes later (Figure 14). The simulated 
infiltration has still not reached the bottom of the 
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MATER CONTENT 
Fig. 11. Simulated and observed moisture profile 
after fifty minutes of ponding. 
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Fig. 12. Simulated and observed moisture 
0.50 
profit 
after seventy minutes of ponding. 
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Fig. 13. Simulated and observed moisture 
0.50 
profile 
after ninety minutes of ponding. 
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Fig. 14. Simulated and observed moisture 
0.50 
profile 
after one hundred minutes of ponding. 
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profile. It appears that the homogeneous profile model 
under-predicts the advance of the wetting front and 
over-predicts the profile moisture content during ponding 
in f il tr a tion . 
Simul ation wi th a_ he terogeneous pr o f i 1 e model . Is it a 
surprise that the unsaturated flow model based on averaged 
soil parameters does not fit the observations? Nielsen et 
al . ( 1 967) warned that a detailed prediction of soil water 
behavior cannot generally be expected from computer methods 
that use soil parameters averaged over the entire soil 
profile. Our results confirm this warning. In the 
preceeding section textural differences between the A 
horizon and the rest of the profile have been observed. It 
seems logical to differentiate the A horizon from the rest 
of the profile. Freeze (1972) emphasized the importance of 
specifically examining the hydraulic characteristics of the 
A horizon. In our case, the information is available to 
construct an A horizon suction-water content curve and a 
conductivity-moisture content function may easily be 
determined. (See the Appendix.) 
An examination of existing textural data would suggest 
that the A horizon might have a saturated conductivity lower 
than that of the rest of the profile. However, the presence 
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of vegetation, microfauna, worm holes, etc., could, on the 
contrary, give the A horizon a higher conductivity than the 
rest of the profile. If the A horizon does, in fact, have a 
higher conductivity, field measurements using a ring 
in fi 1 tr ometer would not yield such a value because this 
method is strongly influenced by the conductivity of the 
least permeable layer. It is doubtful that measurement of 
hydraulic conductivity in the laboratory could employ a 
sample large enough to represent the macropores present in 
the A horizon. The computer model provides a means to test 
different saturated conductivities in the A horizon. If 
the saturated hydraulic conductivity is changed, then the 
conductivity-moisture content functions should also be 
changed. Whisler and Watson (1968) concluded that the 
saturated conductivity is a more important parameter than 
the conductivity-water content relationship. This is 
especially true in highly permeable soils where the moisture 
content rapidly approaches saturation, at which point the 
saturated conductivity determines flux. 
For the next set of simulations three different 
saturated conductivites in the A horizon were used. The 
saturated conductivities 2.58x10-6, 2.58x10-5, and 2.58x10-4 
meters per second were each used to generate a 
conductivity-water content function. Each model contains 
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the same suction-moisture content function in the A horizon 
(Figure 15). The saturated water content in the A horizon 
is 53*5%. Figure 16 shows the water content curves for the 
three different saturated conductivities. For the sake of 
brevity the models with A horizon saturated conductivies of 
2.58x10-4, 2.58x10-5, and 2.58x10-6 meters per second will 
be refered as model A, B, and C respectively. The A horizon 
is assumed to be the top twenty centimeters so the top seven 
compartments utilize the new characteristic curves while the 
remaining nine compartments are assigned the previously 
described curves. 
After ten minutes of ponding, the three models 
displayed infiltration profiles (Figure 17). By this time 
the surface compartments in all three models are saturated 
and the infiltration rates had dropped from 0.183, 0.0183, 
and 0.00183 meters per second to the respective saturated 
conductivities for models A, B, and C. The suction dropped 
from 3*54 meters to zero in each case. Only in the case of 
models A and B has the wetting front reached the 15 
centimeter depth. 
At twenty minutes the observed wetting front was 15 
centimeters ahead of the model A wetting front, 45 
centimeters ahead of model B, and 75 centimeters ahead of 
model C (Figure 18). Model A has a greater moisture content 
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Fig. 15. Suction-moisture content characteristic 
curve for the A horizon. 
7*4 
Fig. 16. A horizon moisture-conductivity curve 
for models A B, and C. 
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Fig. 17 Moisture profiles for models A, 
0.80 
B, and C 
and the observed data after ten minutes of ponding. 
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Fig. 18. Moisture profiles for models A 
and the observed data after twenty minutes of 
0.80 
B, and C 
ponding. 
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in the top 60 centimeters than the observed , but from 60 to 
90 centimeters the moisture content was lower at this time. 
At the end of forty minutes the observed wetting front 
was down to 105 centimeters and model A was close behind at 
90 centimeters (Figure 19). Model B had only reached 45 
centimeters and model C had not penetrated beyond the 15 
centimeter depth. At this time model A has saturated the 
column to a depth of 75 centimeters. In another ten 
minutes, model A finally catches the observed infiltration 
(Figure 20). 
At one hour, the observed and model A wetting fronts 
had reached 120 centimeters (Figure 21). Model A exhibited 
saturation to a depth of 90 centimeters. The two other 
models are at the 60 centimeter and 15 centimeter depths for 
B and C respectively. 
Finally at ninety minutes, model A was almost 
completely saturated, model B was saturated only to 45 
centimeters, and model C was saturated only near the surface 
(Figure 22). In fact, the A horizon in model C had impeded 
water flow and the bottom of the profile was draining during 
the simulation. It is apparent that the model containing an 
A horizon with a saturated conductivity of 2.58x10-4 meters 
per second produced the closest fit of simulated wetting 
front advance to the observed advance. 
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Fig. 19. Moisture profiles for models A, B, and C 
and the observed data after forty minutes of ponding. 
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HATER CONTENT 
Fig. 20. Moisture profiles for models A, B, and C 
and the observed data after fifty minutes of ponding. 
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Fig. 21. Moisture profiles for models A, 
0.80 
B, and C 
and the observed data after sixty minutes of ponding. 
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Fig. 22. Moisture profiles for models A, B, and C 
and the observed data after ninety minutes of ponding. 
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At the end of the infiltration event the water content 
in the field differed by 13% from the simulated saturated 
water content of 0.46. Air encapsulation is a possible 
physical mechanism that might explain this discrepancy. It 
appears that the fillable porosity constitutes some 87% of 
the total porosity. This is within the range of values 
previously discussed. A test for air encapsulation would be 
to maintain the soil in a saturated state over a prolonged 
period of time. As air dissolves, the volumetric moisture 
content would tend to increase. Such a test was, in fact, 
performed. The results are shown in Figure 23. After 22 
days the water content increased to 0.46 in some sections of 
the profile. At depths beyond 90 centimeters the volumetric 
moisture content decreased. This could be related to the 
bulk density increase with depth. It appears that a 
porosity of 0.46 is too large for these layers. 
We next chose to simulate the condition in which the 
saturated porosity was reduced from 0.46 to 0.4 in the 
profile. The A horizon characteristics (model A) was not 
changed. This simulation yielded quite a good fit with the 
field data at ten minutes (Figure 24). In the top 15 
centimeters of the simulated profile, the simulated soil 
moisture content is 53*5%, equal to the total porosity. At 
thirty minutes the observed moisture profile had reached a 
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Fig. 23- 
with time as 
Increase in 
the result 
profile moisture content 
of continuous ponding for 
twenty-two days. 
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Fig. 24. Moisture profiles for the modified model 
A and the observed data after ten minutes of ponding 
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depth of 90 centimeters, whereas, the simulated profile 
lagged behind, reaching only a depth of 75 centimeters 
(Figure 25). The simulated moisture profile has a higher 
moisture content at 60 centimeters than the field moisture 
profile, but a lower moisture content at 90 centimeters. 
At fifty minutes, the simulation showed a profile 
saturated to a depth of 75 centimeters and a wetting front 
at 105 centimeters. The field data placed the wetting front 
at 120 centimeters (Figure 26). At seventy minutes the 
simulated profile was saturated to a depth of 105 
centimeters and closely followed the field water content 
below that depth. (Figure 27). 
Finally at ninety minutes, the simulation showed a 
uniform saturated water content throughout the profile 
(Figure 28). In the field, however, the water content 
decreased with depth. This was similar to the profile 
moisture content measured at the end of one day of wetting 
and located a few meters away (Figure 23). In both cases 
the observed saturated water content decreased with depth. 
In this experiment it was .39 at the 30 centimeter depth and 
decreased to .335 at a depth of 105 centimeters. In Figure 
23 the moisture content is .4 at the 30 centimeter depth and 
.365 at the 105 centimeter depth. Reducing the saturated 
water content to .4 has thus improved the ability of the 
D
E
PT
H
 
(M
E
T
E
R
S
! 
1
..
2
0
 
0
..
8
0
 
0
.8
0
 
0
..
3
0
 
-p
.0
0
 
86 
Fig. 25. Moisture profiles for the modified model 
A and the observed data after thirty minutes of 
ponding. 
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Fig. 26. Moisture profiles for the modified model 
A and the observed data after fifty minutes of ponding. 
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Fig. 27• Moisture profiles for the modified model 
A and the observed data after seventy minutes of 
ponding. 
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Fig. 28. Moisture profiles for the modified model 
A and the observed data after ninety minutes of 
ponding. 
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model to simulate infiltration in the short term. This 
model was next tested in a two-dimensional rainfall 
simulation experiment. 
Rain fal1 Simulation Experiment 
In the second experiment rainfall was simulated over an 
experimental section of the field in order to investigate 
two-dimensional unsaturated-saturated flow. The computer 
model was set up to represent a cross section of the 
experiment site containing the runoff plot in a direction 
perpendicular to the slope. This was accomplished by 
simulating two soil columns 7.5 meters in width, the lower 
of the two containing 2.5 meters of the runoff plot (and 5 
meters downslope) and the upper column covering the 
remaining 7-5 meters of the 10 meter long plot. 
Each column was divided into twenty compartments. 
Compartments sizes were similar to those used in the 
one-dimensional experiment, except that the compartments 
extended down to a depth of 2.175 meters. The model used 
was the two layer version with the A horizon having a 
saturated water content of 0.535 and a saturated 
conductivity of 2.58x10-4 m/sec. The saturated water 
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content in the rest of the profile was 0.4 and the 
corresponding hydraulic conductivity was 2.58x10-5 m/sec. 
The ground slope in the upper column (A) was 8.56% and 
in the lower column (B) 9-97%. An impervious surface 
(simulating the glacial till) was set at a depth of 2.175 m. 
The impervious surface was assigned a slope of 9.7% in the 
upper column and 10.2% in the lower column. Lateral 
saturated flow into the upper column and out of the lower 
column was determined with the aid of two observation wells 
above and below the experimental plot and the application of 
Darcy’s law. Surface runoff, whenever it occurred, was 
routed down slope by means of the Manning's equation 
(Hillel, 1980). A roughness coefficient of 0.03, 
appropriate for a grass surface, was used. 
Figure 29 shows a cross section of the site with the 
water table elevations at different times during the 
experiment. Initially the distance from the ground surface 
to the water table was 1.8 meters in column A and 1.725 
meters in column B. The water table gradient parallels the 
slope of the glacial till at 4.5 hours from the start of the 
experiment. At 8.75 hours after the start of the rainfall, 
the water table had risen to near the ground surface. 
Figure 30 and 31 show the moisture content before the 
experiment began and at 2, 3-5, and 5 hours after the start 
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Fig. 29. Water table elevations at various times 
during the rainfall simulation experiment. 
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Fig. 30. Variations in the moisture profiles 
column A during the rainfall simulation experiment. 
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HATER CONTENT 
Fig. 31. Variations in the moisture profiles in 
column B during the rainfall simulation experiment. 
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of the rainfall. Although the inital moisture profiles were 
not identical, after five hours of rainfall, both had an 
approximately uniform volumetric moisture content of 0.4. 
The zone of low moisture in Figure 31 was similar to that 
observed in the field (Figure 8). 
Representation of the field moisture profile using a 
homogeneous soil model is difficult when a water table is 
present. Figure 32 illustrates the problem that the profile 
moisture content at equilibrium as projected by the water 
table depth and single valued moisture content-suction 
characteristic curve differs significantly from the field 
soil moisture profile which is also at equilibrium. If the 
field moisture content data is placed in the model as an 
initial boundary condition, the nonequilibrium state (in 
terms of the model) will lead to flow behavior in which 
water content in some parts of the soil column may, at 
first, decrease and then increase as the computer moves 
toward the model’s equilibrium moisture profile. Thus, 
after the first second the simulated moisture profile will 
differ from the field profile. The two layer model 
decreases the amount of moisture necessary to reach the 
model’s equilibrium state. 
For purposes of our simulation, the moisture content in 
initial soil moisture profile was modified where the 
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Fig. 32. The difference between field 
laboratory equilibrium moisture contents with a 
table at a depth of 1.5 meters. 
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necessary to eliminate this problem. As a result 
comparisons between simulated and observed moisture profiles 
will not be made, but instead the match between simulated 
and observed water table changes will be investigated. 
Figure 33 shows the rise in the water table elevation 
in the two boundary water tables and in columns A and B. 
The water table rose approximately 1.5 meters in all wells 
in less than four hours. 
The computer model was used to examine the influence of 
the lower boundary water table on column B (Figure 34). 
Increasing the rise in the lower water table from .5 meters 
to 1 meter did not affect the rise in the column as much as 
pushing forward the time when the rise occurs from 10 hours 
to 6 hours. When the water table in the lower boundary well 
rapidly rises, the water table gradient from the lower 
column (B) changes in sign and the direction of groundwater 
flow is reversed. This occurred after four hours of 
simulated rainfall. A similar change occures at six hours 
for the lateral flow from column A to column B. This 
situation could occur in the field near a stream which 
changes from an influent to a exfluent state. 
In Figures 35 and 36 the simulated rise in the water 
table is compared with the observed changes. The failure of 
the simulated water table to rise to the same elevation 
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Fig. 33. Water table fluctuations with time 
during the rainfall simulation experiment. 
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Fig. 34. The effect of variations in lower 
boundary water table elevation on the water table 
elevation in column B. Initially the lower boundary 
water table was 1.82 meters from the ground surface. 
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elevation in column A during the rainfall 
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i.e., to within 9 centimeters of the soil surface, can be 
explained by the characteristics of the A horizon. The 
water content in the A horizon increases until the 
unsaturated conductivity is equal to the rainfall rate. 
Before the water table can move to the surface the water 
content must equal the porosity, namely 0.535. This assumes 
no air encapsulation or entrapment. Even with a reversal of 
the water table gradient direction, in actual fact, we have 
never observed saturation completely to the surface. 
The difference in time of water table rise in both 
columns A and B may be explained by variations in the 
lateral groundwater flow. The model represents a slice of 
the runoff plot that is assumed to be in the direction of 
maximum gradient. This may not be a realistic assumption. 
Nonponding rainfall appears to increase the moisture 
content of the soil so that a minor change in the 
groundwater gradient may cause the water table to rapidly 
approach the ground surface. Air encapsulation promotes 
this situation by reducing the water content change needed 
for effective saturation. Air entrapment was not observed 
in the field and is not believed to play a role in rapid 
groundwater rise. 
CHAPTER V 
DISCUSSION 
In str umen tation 
Field measur emen t o f soil moisture. The procedure developed 
to rapidly measure soil moisture content by rapidly lowering 
a neutron probe appears to be satisfactory. Newly designed 
neutron probes have the geometric center of the radioactive 
source and the detector at the same point, rather than being 
separated by 8.89 centimeters as was the case for the probe 
used in this study. This may reduce the critical 
measurement volume so that moisture content measurement 
could become reliable every ten centimeters rather than 
every fifteen centimeters. If a motor were employed to 
raise and lower the probe, the ability to make one run after 
another might be enhanced. A cursor pen could be used to 
rapidly feed count data into a computer. With these minor 
changes there is the potential to gather a large amount of 
field infiltration data which was previously obtainable only 
from controlled laboratory studies. 
Runoff measurement. A runoff plot for measuring natural 
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surface runoff is not very useful in areas with soils of 
high permeability because surface runoff seldom occurs under 
natural conditions. Likewise, rainfall simulators that only 
apply water at rates similar to those common for rainfall 
are of little utility in generating runoff. If the 
simulator can produce high intensity rainfall (in this case 
greater than 9.18 centimeters per hour) it could be used to 
investigate the infiltrability of the soil. An observation 
well provides a suitable means to measure surface seepage 
occurrence in areas where it is likely. 
Soil Par ameter s and Mod eling Soil-Water Dyn amic s 
Moistur e char ac teristic curves. Starr et al. ( 1 978) 
examined the difference between laboratory and field 
developed characteristic curves and noted differences 
similar to those observed in this study. They concluded 
that hysteresis was not responsible for the differences in 
the data and suggested that the neutron probe may lead to 
inaccuracies in soils that vary in texture and water 
conten t. 
The measurement of soil characteristics that are volume 
dependent may produce different results between the field 
and the laboratory. Both the soils investigated by Starr et 
al . and those present at the field site were deposited by 
water action. It is possible that the sand particles and 
layering have a preferential orientation that is destroyed 
by sampling. Such lateral persistence in the soil would not 
be easily observed and might explain differences between 
laboratory and field measurements. 
Saturated moisture con tent. The measurement of saturated 
water content or porosity is a very important parameter in 
soil-water models. The simulations were much improved when 
the saturated water content was changed from the average 
value, 0.46, to .535 in the A horizon and 0.4 in the rest of 
the profile. It is important to recognize that the 
saturated water content, as measured in the lab, is obtained 
when the soil sample is in an equilibrium state, whereas in 
the field, observations are made under dynamic conditions. 
Therefore, the assumption that soil characteristics 
determined from equilibrium conditions will apply to dynamic 
situations deserves reevaluation. 
Layering. Differentiating the profile into layers and 
assigning each layer different water content 
characteristics, increases the complexity of the model with 
no guarantee that the fit will improve. Aside from the A 
horizon, the characteristics of the soil profile were not 
distinctive enough to define additional layers (except for 
the variations in saturated moisture content) . 
Air encapsulation. Air encapsulation appears to be an 
important phenomenon in highly permeable soils subject to 
rapid penetration of water. This phenomenon may contribute 
to rapid water table fluctuations and an increase in the 
effective degree of saturation with time. In silt and clay 
loam soils the relatively slow rate of moisture movement may 
inhibit air encapsulation. 
Mod el refinement. Laboratory analysis of soil samples is 
the first step when developing a reliable deterministic 
unsaturated-saturated flow model. The saturated 
conductivity value obtained in the laboratory was one of the 
most important initial parameters required by the model. 
Although the suction-water content curves generated in the 
lab were later modified, they provided evidence that the A 
horizon should be characterized separately from the rest of 
the profile. 
The simple field infiltration test, using ring 
infiltrometers and a neutron probe, facilitiates initial 
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testing of a computer model constructed from laboratory 
data. Data from the ponding experiment coupled with repeated 
computer simulations allowed for the approximation of 
unknown parameters. When the two layer model generated from 
the ponding experiment was tested against a simulated 
rainfall event, the model appeared to adequately simulate 
water movement in a sandy soil on a hillslope. The 
occurrence of exfiltration and air encapsulation in highly 
permeable soils represent a special situation for which 
soil-water flow models should be tested. 
Computer modeling of soil-water dynamics may be a 
powerful tool when used in conjunction with sound field 
investigations. However, given the multitude of different 
soil environments, there is a need for numerous field 
investigations to develop the constraints under which 
hydrologic unsaturated-saturated flow models must operate. 
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APPENDIX 
Fortran program, CONDCAL, calculates the hydraulic 
conductivity versus water content relation from the soil 
moisture characteristic curve, using the formulation as 
described by Jackson (1972) in his paper, "On the 
Calculation of Hydraulic Conductivity", Soil Science Society 
of America Proceedings, volume 36, pages 380-382. "SATCON" 
is the saturated conductivity. "N" is the number of pore 
classes. "THETA" and "SUC" arrays are pairs of water 
content-matric suction values. "AK" is the output array of 
unsaturated conductivity as a function of water content. 
PROGRAM CONDCALQNPUT, OUTPUT, TAPE3, TAPE5=0UTPUT) 
REWIND 3 
INTEGER N,I,J,M 
REAL SATCON,SUC,AK,THETA,DEN,ANUM 
DIMENSION SUC(50),AK(50),THETA(50) 
DATA SATCON/2.E-4/,N/25/ 
DO 30 1 = 1 ,N 
READ(3,20) THETA(I),SUC(I) 
20 F ORMAT( F7-5,4X, F10.5) 
30 CONTINUE 
DEN=0.0 
DO 50 1=1,N 
DEN=DEN+(2*1-1)/SUC(I)**2. 
50 CONTINUE 
DO 100 J = 1,N 
M=N-J+1 
ANUM = 0.0 
DO 60 1 = 1,M 
60 ANUM=ANUM+(2*1-1)/SUC(I+J-1)**2. 
AK(J)=SATC0N*(THETA(J)/THETA(1))*ANUM/DEN 
100 CONTINUE 
115 
WRITEC5,110) 
1 16 
110 FORMATOOX, "THETA CONDUCTIVITY SUCTION"/) 
DO 130 J = 1,N 
I=N-J + 1 
WRITE(5,120) THETA(I),AK(I),SUC(I) 
120 FORMAT(F15.5,4X,E15.5,^X,E15.5) 
130 CONTINUE 
STOP 
END 

